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Abstract 
This paper presents an integrated planning and 
scheduling algorithm based on co-evolutionary al-
gorithms. This planner is the core of the delibera-
tive level of a three-layer autonomous system 
(called Wisdom) for planetary rovers. The planner 
operates at two different levels: at a higher level 
reallocates and transforms mission goals, based on 
contingent events, in order to reach scientifically 
interesting targets and minimize the risk of a fail-
ure, at a lower level it generates scheduled se-
quences of actions that optimize a number of ob-
jectives. A particular implementation of co-
evolutionary algorithms is used to generate sets of 
Pareto-optimal plans for every given sequence of 
goals. Some tests will illustrate the main character-
istics of the algorithm. 
1 The Wisdom System 
The autonomy of an artificial intelligence system is based 
mostly on the ability to choose a temporal sequence of ac-
tions in order to reach a given goal. Different planning and 
scheduling systems have been developed for space applica-
tions: HSTS, running onboard the spacecraft Deep Space 
One; ASPEN, which implements a set of software compo-
nents for planning, considering time and resource con-
straints and using iterative repair, and TEMPEST, able to 
generate sun-synchronous paths for rovers, just to quote 
some of them. 
Here we propose a bio-inspired, non-deterministic, de-
liberative-reactive system for autonomy in harsh, unknown 
environments, called Wisdom. It is made of three layers: 
sapiens, behavioral and reflexive. While the last two deal 
with the hardware, the sapiens layer is a non-deterministic 
integrated planner and scheduler based on a co-evolutionary 
search engine. The evaluation of the reliability of each plan 
is performed through Evidence Theory and Paradoxical 
Reasoning for uncertainty treatment. 
The sapiens layer is made of three components: a Con-
tinuous Goal Transformation algorithm (CGT), a non-
deterministic integrated planner and scheduler (EvoIPS) and 
an Embedded Reliability Forecast algorithm (ERF)  that as-
sesses the reliability of the plan [Ceriotti et al., 2006]. 
The CGT encodes a sequence of goals following a 
STRIP paradigm. For each sequence a subpopulation of 
plans is generated. Each plan is made up of a sequence of 
parameterized actions (sequential or parallel). EvoIPS then  
generates, evaluates and selects partial and contingent plans 
on the basis of goal attainment and plan value. 
Each goal of the rover is expressed as a set of target 
states. Some of the target states must be strictly satisfied and 
therefore are expressed as strong  constraints, others, instead, 
are formulated as objectives. Goals are transformed in three 
different ways: reordering the assigned goals, selecting 
some goals form a set, modifying the states defining a goal. 
The optimality of a goal sequence depends on the optimality 
and feasibility of the associated subpopulations of plans 
The search engine is a co-evolutionary algorithm con-
ceived for multi-objective optimization. It is used to co-
evolve alternative plans and to maintain subpopulations of 
partial plans for each sequence of goals in order to allow 
continuous planning capabilities. 
Dedicated operators generate consistent chromosomes 
(consistent sequences of actions) checking for mutex and 
preconditions. The set of selectable actions is incrementally 
reduced as the plan is generated in order to avoid re-
selecting forbidden or useless actions.  
The optimality of each plan is evaluated through a tech-
nique based on the concept of strength-pareto dominance 
implemented in SPEA2 [Zitzler et al., 2001] while con-
straints are treated explicitly through a technique developed 
by Deb et al. [Deb and Agrawal, 1998]. 
One of the peculiarities of the search engine is the use of 
two independent and different populations of incomplete 
plans, which are evolving at the same time. The two popula-
tions have different genders. The male population contains 
partial plans that start from the initial state and branch for-
ward toward the goal states, while the female population 
contains plans that start from the end goals and branch 
backward toward the initial state. The co-evolutionary en-
gine can generate a feasible solution in three different ways: 
growing a male plan adding actions, until the goal state is 
reached; growing a female plan, in the same way, but trying 
to reach the initial state; or joining two plans from the two 
populations, by using a specifically developed operator 
(Figure 1 ). This approach has been found worth to increase 
the convergence while looking for complex solutions. 
Specific operators have been designed, to increase the 
convergence of the algorithm and deal with the two different 
populations of plans. In particular, a “matching” operator 
has been developed: this operator tries to generate a com-
plete and feasible plan starting from two incomplete plans 
from the two populations. Another particular operator is the 
“add”, which expands a plan, by adding suitable actions, 
towards the objective state. Post-conditions, preconditions 
and mutex conditions are embedded in the generation proc-
ess of each chromosome therefore the engine can evolve and 
optimize only feasible plans. 
 
 
Figure 1: A graphical representation of a complete plan, found 
through the matching of the two families of plans. 
2 Results 
Seven different classes of test cases have been performed to 
evaluate the capabilities of the planner. Each class reflects 
one of the various conditions in which the rover may need to 
operate. 
One of the test cases is pr esented in the following. The 
rover has to reach 2 goals: analyze the area in the pink box 
in Figure 2 , and then reach the target point at coordinates 
. It is assumed that only the second goal is fixed: 
the planner has the possibility to change the first goal, if a 
greater scientific return can be achieved. At initial time, the 
rover is in  with full battery and completely empty 
memory. The red circle in 
(100, 150)
)(20, 20
Figure 2  represents a very inter-
esting area. The interest value is a function of the tempera-
ture and the texture of a particular spot. 
The objective functions cons idered during the planning 
process are: the battery charge, the traversability of the path, 
the scientific return of the mission (maximum interest value 
of the visited spots), the total duration of the plan, the mem-
ory allocation, and the distance from the objective (this last 
one is a strict constraint). Constraints are the maximum 
amount of available power, level of charge of the battery, 
maximum memory occupation. 
Figure 3  represents one of the generated plans, with the 
associated path represented by the blue line in Figure 2 . The 
yellow rectangles represent the goals chosen by the planer: 
it can be seen that the first goal was reallocated to a differ-
ent target. 
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Figure 2: A map with optimal path (blue), assigned goal (pink), 
chosen goals (yellow), interesting area (red circle). 
 
 
Figure 3: The optimal plan  for the proposed test. 
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